The hexokinase A (HKA) and hexokinase B (HKB) genes of Saccharomyces cerevisiae have been cloned from a library of yeast genomic DNA. Using an l yjtro glucose phosphorylation assay, the NKB gene was located on a plasmid carrying a 13.6 kb fragment of yeast DNA. After subeloning the relevant restriction fragments, the nucleotide sequence of the BIB gene was determined. Using this information, we were able to locate the EKA gene on a plasmid carrying this gene, which we then sequenced. Approximately 43Z of the amino acid sequence of BIB was determined directly from 24 tryptic peptides. The results are in complete agreement with those derived from the DNA sequence and are consistent with the results of x-ray crystallography. Comparison of the amino acid sequences of EKA and RB show that 378 out of 485 residues are identical. The 5' flanking region of the A gene contains nucleotide sequences expected for genes that are expressed at relatively high levels in yeast. The 24 base pair hyphenated palindrome at the 3' end of the RB gene may be a site for termination of transcription of this gene.
INTRODUCTION
Yeast bexokinase is an allosteric enzyme which catalyzes the first step of several metabolic pathways, forming a hexose-l-phosphate from a hexose and ATP-Ng. It exists as two isozymes, arbitrarily desiguated as hexokinase A and B. The structure of several crystal forms of hexokinase has been determined by x-ray crystallography (16) . These structutes represent binary or ternary complexes of hexokinase and substrates or substrate analogues at various steps in the reaction pathway of this enzyme. These complexes provide the opportunity of analyzing its catalytic mechanism in exquisite detail.
The RKB structure has been refined by Anderson (5) to 2.5 angstrom resolution. The structure of the EKA isozyme, crystallized as a complex with glucose, has been determined at 3.0 angstrom resolution (6) .
In order to build models of these isozymes at atomic resolution, the complete amino acid sequences of EKA and RB are required. We have determined the nucleotide sequences of the liA and RKB structural genes wbich has alloved us to deduce the amino acid sequences of both forms of these enzymes. In addition, we have obtained amino acid sequence information on a number of tryptic peptides from EKB which are in complete agreement vith those derived from the DNA sequence. We have compared the primary structures of hA and 1KB and find that 78Z of the residues are identical. The DNA sequence determination of regions flanking the ERA and HRB structural genes provides information concerning transcription initiation and termination signals, as well as data on the sequence context surrounding the translation initiation codon that may help in understanding the high efficiency of translation of the mRN for these genes. The results of the cloning, DNA sequencing, and the protein chemistry are reported here.
M&TERIALS AND METHODS
Strains of S.cerevisiae and E. coli S. cerevisiae strain DBY1175 (MAT adel trDl ura3-52 bxkl-l hxk2-2 canr)
was employed for the isolation of clones carrying the HKA and RKB genes from a library of yeast genomic DNA. This strain was constructed by standard methods by crossing a strain carrying both MX mutations (F452, originally described by Maitra and Lobo (7)) with a strain carrying the ma3 mutation (DBY747). E. coli strain DB6507 (hsdS20 [r3..NB recA13 ara-14 proA2 lacYl aaLK2 rusL20 strr) was used for transformation and amplification of selected recombinant clones. E. coli strain ZSC113 (lacZ82 or lacZ827 DtsM12 DtsG22 glk-7 rha-4 rysl223 relAl) (8) , supplied by B. Bacbman from the E. coli Genetic Stock Center at Yale University, was used for the in vitro assay of glucose phosphorylat ion.
Construction and Screenin of Yeast Genomic Library
The clones carrying the EKA and RKB genes were isolated from a YEp24
random-insert genomic library by complementation of the fructose-utilization defect of yeast strain DBY1175. The construction and screening of the library folloved the procedure described in detail by Carlson and Botstein (9) . The strain DBY1175 was transformed with DNA from the library, selecting first the Ura* phenotype, pooling batches of transformants, and then replating to select those cells that were able to grow anaerobically using fructose as carbon source on a minimal medium. The Identification of HA and EKB Genes Identification of the cloned genes with bexokinases A and B was done by the method described by Gancedo et al. (10) , which uses hydroxyapatite chromatography to separate the two isozymes. The two hexokinase isozymes can be further distinguished by the ratio of activity with fructose and glucose as substrates. Additional evidence for the assignment of the plasmid clones to the loci specifying hexokinases A and B was obtained by genetic mapping. The method of 2-micron mapping (11) was applied to one plasmid specifying the EA gene. The location of 1KB was determined by linkage studies relative to the ade5 gene on chromosome VII (12) .
Location of Structural Genes Within the Plasmid Clones
The structural gene for BIB was located by an in vitro assay for glucose phosphorylating activity in extracts of E. coli strain ZSC113 transformed with plasmid vectors carrying subclones of the original plasmid (pRB62). After transformation of ZSC113 with plamid DNA, antibiotic resistant colonies were grown in 50 ml of luria medium for preparation of the cell free extracts. Cells were resuspended in 50 mM tris-ECl, pH 7 The plasmid pRB62, containing the structural gene for 1KB, was mapped using nine restriction enzymes to give the results shown in Fig. 1 . The length of the plamid was calculated to be 22.5kb based on summing the sizes of all fragments obtained with any given restriction endonuclease. The size of the yeast chromosomal DNA insert was found to be approximately 13.5kb kb. To localize the 1KB gene within the insert, pRB62 was cut with Sal I, which divided the 13.5kb yeast DNA insert into two regions. Religation of the diluted Sal I digest gave a deletion derivative of p1.62 (ASal I). When this plasmid was transformed into E. coli strain ZSC113, the resulting transformant showed the same glucose phosphorylating activity as strain ZSC113 harboring the pRB5 vector which lacked the yeast DNA insert. In contrast, when the BaulI-SalI half of the 13.5kb fragment was cloned into pBR322 to give pBR322(SalII) and used to transform ZSC113, the resulting strain bad almost the same level of glucose phophorylating activity as ZSC113 8.5kb plasmid which contained the EKB gene is shown in Fig. 2 . This was used for amplification and provided sufficient DNA for cloning into suitable M13 mp vectors prior to Sanger dideoxy sequencing (13, 14) . The sequencing strategy used for the EKB gene is shown in Fig. 3 . The location of the EKB gene was confirmed by translation of the nucleotide sequence that we obtained from subclones which started at the PitI site (nucleotide position 1244) ( Fig. 3) and extended in the coding and non-coding directions. The sequence from one of the subclones in one reading frame translated to give the amino acid sequence -Ala-Asp-Gly-Ser-Val-Tyr-Asn-Arg-. This matched the sequence of a tryptic peptide that we had previously determined by Edman degradation. Fig. 3 . The order of the the TaqI fragments was also verified by matching the amino acid sequences derived from the translation of the TaqI fragments with the sequences of the 1KB tryptic peptides (Fig. 4 ). This figure includes the complete sequence of the HKB gene, its flanking regions and the translated auino acid sequence for the enzyme.
Isolation and Sequence Determination of Try2tic Pentides from HKB.
Tryptic peptides derived from 500 nmol of performic acid oxidized 11KB were separated by cation exchange chromatography giving an elution profile shown in Fig. 5 . Of the expected 52 peptides, 25 were obtained in pure enough form for sequencing. The remainder were present as mixtures from which some of the remaining peptides were isolated by rechromatography on an anion exchange matrix. Sequences of homogeneous tryptic peptides were determined by manual Edman degradation and were matched with the 1KB DNA sequence as shown in Fig. 4 . In addition to the amino and carboxy terminal peptides, which define the end points of the protein, the remaining peptides are distributed throughout the polypeptide chain and taken togetber, confirs 43Z of the DNA sequence. Of special interest are the tryptic peptides containing cysteic acid residues which account for all of the cysteine residues of RB. In all cases there was complete agreement between the amino acid sequences of ATG TCT CAA CTG CTT CTG TTT CCT CCT TTT CTT TAA AGA GGA ATA ITT CGT ATA TA GCA   -180 *  -150 *  HKA   ATC GGT TTC ACT TCC TTG GGA ATA TTC TAC CGT TCC TTC ATC TTG TAT TCT TCT CTT TCT  -120 *-90 *  HKB  TAT AAC TTA ACT TCA AAG TTT CTT AAT ATT TTT TCG CTT GAT TTC ITG GCC ATT GAT TTG GGT GGT ACC AAC TTG AGA GTT GTC TTA GTC AAG TTG GGC   HKA A Fig.6 . A centrally located 1.5 kb Bgl II fragment from this region was cloned into the Bam HI site of Ml13mp9 in both orientations to allow determination of the nucleotide sequences of its 5' and 3' termini. The sequences and their complements were translated in all three reading frames and compared to the amino acid sequence of RB. The translation of the complement of the nucleotide sequence originating at the righthand BglII site (Fig. 6) showed strong homology to the sequence of HRB at amino acid residues 240-331, thus establishing the location and coding direction of the structural gene for EKA within the 4 kb overlap region. Since the KA structural gene was assumed to be very similar in size to the RB structural gene, the limits of the structural gene were calculated relative to the Bgl II site identified in the restriction sap of pRB141 (Fig. 6) .
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The strategy used to complete the nucleotide sequence of the Rh gene was very similar to that employed for the RKB gene. Nucleotide sequences obtained around BglII, SalI, and Hind III sites (Fig. 7) allowed the identification of "secondary" sites which were used to extend the previous sequence data or to check it by determination of the nucleotide sequence of the opposite strand (Fig. 7) . As Fractions of 1.5 ml were collected at a flow rate of 50 ml/hr. The gradients employed are indicated in the figure. Peptides were detected by the alkaline ninhydrin method on 50 microliter aliquots of each fraction. Pooled fractions whose amino acid composition was analyzed after acid hydrolysis are indicated.
obtained for most of the fragments, both by sequencing upstream from the single HindIII site at nucleotide position 896, and by performing a secondary "shot gun" cloning of the same fragment using the enzyme MspI. The extent of individual nucleotide sequences and their overlaps are shown in Fig. 7 . The nucleotide sequence of the 1KA gene is shown in Fig. 4 , aligned with the sequence of the 14KB gene.
DISCUSSION
One of the major reasons for our attempting to work out the primary structures of lKA and 1KB was to allow the construction of models based on x-ray data at the level of atomic resolution. Up to now, this has not been possible because of the lack of amino acid sequence information. (22) . In multicellular eukaryotes this sequence is located 25-35 nucleotides upstream of the transcription initiation site and is bounded by GC-rich sequences; initiation usually occurs about 32 nucleotides downstream of this site (23) . The TATAAA sequence is also one element of promoters in S. cerevisiae which are recognized by RNA polymerase II (24) . The second elememt, an upstream activator sequence, is located a considerable distance upstream of the TATA box (25) . The TATA box has been found in nearly all yeast genes examined, but in contrast to multicellular eukaryotes, is not surrounded by GC-rich sequences (26, 27) . Its location is also more variable with respect to the site of transcriptional initiation and is usually further upstream than its multicellular eukaryotic counterpart (28) .
Two sequences in the 5' untranslated region of hexokinase A have a high degree of homology with the consensus TATA promoter sequence. These are located at nucleotide positions -188 (TATM) and -60 (TATATA) with respect to the ATG start codon. In the hexokinase B gene, a TATAA sequence is located at nucleotide position -102. None of these three sequences are surrounded by GC-rich sequences.
Other 5' noncoding sequences have been noted in mRMA coding yeast genes, but their function is more speculative. A pyrimidine rich cluster has been noted between the TATA box and the 5' coding end of several yeast genes, followed soon after by the sequence CAAG (26, 27, 28, 29) . Although initially described in the 5' untranslated region of yeast glycolytic enzyme genes (26) , Robson (29) , and Montgomery (30) have suggested that these sequences are coion to any highly expressed yeast gene. Transcription starts at sequences identical or related to CAAG in several yeast genes, suggesting a role for this sequence in transcription initiation or capping of RNs (31) .
In the hexokinase A gene, the TATA box at position -188 is followed by a cluster of pyrisidines at position -133. This is followed by the sequence CAGAAG. The TATA box at -60 is also followed by a string of pyrimidines, but no CAAG related sequence is found in the imediate downstream region. The hexokinase B gene has a pyrimidine rich cluster starting at position -74 and is followed by the sequence GAAAG. The sites of transcription initiation for botb of these genes is not known, so it is not possible to relate these observed sequences to experimentally identified transcriptional start sites.
3' Uutranslated Seauences
At least tbree putative transcription termination sequences have been proposed in S. cerevisiae. Nucleotide sequences related to AATAAG have been shown to occur upstream of the site of poly(A) addition in several yeast uRNAs; this seguence itself is homologous to the sequence AATAAA which is presumed to signal the site of poly(A) addition in multicellular eukaryotes (32, 33) . Bennetzen (34) . Deletion of this sequence from the 3' end of the yeast c gene greatly reduces the amount of N terminating at the wild type site. Furthermore, spontaneous revertants of this deletion with near normal uRN termination have sequences which tend to resemble the original terminator structure (35) . Finally, Henikoff et al. (36) have shown that the sequence AATAAA is not needed for termination of a drosophila gene which complements an Ade8 mutation in yeast. Their deletion analysis suggests that the sequence TrTTTATA is necessary for efficient termination, although Zaret and Sherman have noted that most yeast genes lack an identical or related sequence (35) .
Our sequences of the ERA and HKB genes lack sufficient 3' flanking sequences to allow a comparison which might reveal the existence of a sequence homologous to the putative terminators described earlier.
However, one structure is noteworthy in the hexokinase B gene namely a 24 bp region of dyad symetry whicb occur immediately 3' to the coding sequence and includes the TAA stop codon. This hyphenated palindrome contains a sequence starting at nucleotide 1472 which is clearly related to the concensus sequence of Bennetzen and Hall. It is similar to rho dependent terminators seen in prokaryotes in that it is an AT rich sequence occuring in a region of dyad symetry (37) , and may therefore represent a terminator structure which is analogous to certain terminators seen in bacteria.
